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Species of Fusarium Link are among the most common fungal associates of maize plants, causing diseases of seedlings, roots, stalks, and kernels (15) . In Iowa, the most common species infecting maize kernels are F. graminearum Schwabe, F. moniliforme J. Sheld., F. proliferatum (T. Matsushima) Nirenberg, and F. subglutinans (Wollenweb. & Reinking) P.E. Nelson, T.A. Toussoun, & Marasas (25) . The teleomorph of F. graminearum is Gibberella zeae (Schwein.) Petch (27) , whereas the other species have a teleomorph in the G. fujikuroi (Sawada) Ito in Ito & K. Kimura complex and are grouped in Fusarium section Liseola (18, 27) . The disease on maize ears caused by F. graminearum is commonly known as Gibberella ear rot, and that caused by the members of section Liseola is known as Fusarium ear or kernel rot. There are a number of pathways by which Fusarium species may infect kernels, resulting either in kernel rot or symptomless infection (2, 11, 24, 34) . Incidence of symptomless infection is usually higher than incidence of kernel rot (11, 24, 33) . Kernel infection by any of these fungi can reduce yields and quality, and result in mycotoxin accumulation in grain (15, 20) .
The recent discovery of the fumonisins has enhanced concern over the widespread occurrence of Fusarium species in maize kernels. Fumonisins are a class of mycotoxins that are produced primarily by some strains of F. moniliforme and F. proliferatum (26) . Most prolific fumonisin-producing strains are found in mating populations A and D of G. fujikuroi, which, as currently described, is the teleomorph for both F. moniliforme (A) and F. proliferatum (D) (18) . These compounds cause fatal diseases in horses and swine and cancer in laboratory rats. Esophageal cancer in humans has been associated with consumption of maize with high concentrations of the fumonisins (19, 28) . Fumonisins can be detected in maize kernels with Fusarium symptoms and in symptomless infected kernels (2, 22, 25, 26, 28) .
Insect activity has long been associated with Fusarium infection of maize kernels and stalks (13) . Injuries to plants caused by insects such as the European corn borer (ECB) (Ostrinia nubilalis) are often the initial infection sites for Fusarium species (4, 5, 14) . ECB larvae can act as vectors of F. moniliforme, carrying the fungus from plant surfaces into maize ears. ECB infestations can increase symptoms of Fusarium ear rot, as well as increase symptomless kernel infection (33) . O. nubilalis has two generations per year in Iowa, and it is the second generation that can damage maize ears (31) . Other insects may also cause entry wounds or act as vectors for Fusarium species, including corn earworms (32) , corn rootworm beetles (10), picnic beetles (1, 7, 15) , and thrips (8) .
CryIA(b) is one of a group of δ-endotoxins produced by some strains of a bacterium, Bacillus thuringiensis. These toxins are fatal to certain insects, particularly those in the order Lepidoptera (12) . Genes encoding for CryIA(b) have been cloned and inserted into the genome of several crop plant species including maize (9, 16, 17) . Maize genotypes with this gene insertion have demonstrated a high level of resistance to ECB (3, 16) and first became commercially available in 1996. Because of the close association between ECB damage and Fusarium infection, we hypothesized that these genotypes are subject to lower incidence of infection by these fungi. The expression of CryIA(b) in specific maize plant tissues is dependent on the gene promoter used in each transgenic genotype (16 ; and NatureGard; Mycogen Corp., San Diego, CA) utilizes a combination of two maize-derived, tissue-specific promoters: a phosphoenolpyruvate carboxylase (PEPC) promoter that results in gene expression only in green plant tissues, and a pollen-specific promoter (16) . Kernel expression of CryIA(b) is likely to affect the extent of kernel feeding by ECB larvae and, subsequently, the intensity of Fusarium infection.
The objective of this research was to determine whether kernels of maize genotypes genetically engineered to express CryIA(b) have altered incidence and severity of Fusarium ear rot, altered incidence of symptomless infection by Fusarium species, or both. Preliminary results have been reported (23) .
MATERIALS AND METHODS
Field experiments were conducted in 1994, 1995, and 1996 to evaluate the performance of maize hybrids genetically engineered with B. thuringiensis genes encoding for production of CryIA(b). In each experiment, transgenic hybrids were compared with nearisogenic maize hybrids lacking cryIA(b) genes. Near-isogenic hybrids were supplied by cooperating seed companies and were either identical (except for the cryIA(b) genes) or very closely related to their corresponding transgenic hybrids. Experiments were arranged in randomized complete block designs. Plot size was 9.15 m or 6.1 m by four rows (approximately 40 or 26 plants per row), and row spacing was 0.76 m. Only the middle two rows of each plot were treated and analyzed. There were 3.05-m or 1.5-m fallow alleyways between replicate blocks. In 1994, insecticidal treatments were included to limit ECB activity to specific plant growth stages. This approach was considered unnecessary in subsequent years. Additional hybrids were included as more transgenic hybrids became available.
In 1994, an experiment was planted on 14 May at the Iowa State University (ISU) Woodruff Farm in Story County, IA. There were two maize hybrids (Table 1 ) (Monsanto Co.) and seven treatments involving insecticide applications, manual ECB infestation (Table  2) , or both, with six replicate blocks. Insecticide treatments were designed either to limit ECB activity to specific maize growth stages or to mimic standard ECB control practices, which typically involve two foliar insecticide applications, one prior to tasseling and one following pollination. Manual infestations were intended to mimic first-generation (growth stage V10 to V12 [29] ) and secondgeneration (growth stage R1 [29] ) ECB infestation (31) . Manual infestations were conducted by using a volumetric dispenser to drop approximately 50 neonatal ECB larvae into the whorl (stage V10 to V12) or ear-leaf axil (stage R1) of each plant. Only the nontransgenic hybrid received the standard insecticidal treatments, because these would not be applied to transgenic hybrids in a production situation and would not add to the interpretation of our results.
Three experiments were conducted in 1995. Experiment 1995A, planted at the ISU Woodruff Farm on 22 May, involved three maize hybrids (Table 1 ) (Monsanto Co.) and four treatments involving ECB infestation, insecticide treatment (Table 2) , or both, with six replicate blocks. Both hybrids did not receive all four treatments. Experiment 1995B included only hybrids developed by Northrup King Co. (Golden Valley, MN); there were four hybrids (Table 1) and no insecticide treatments, with four replicate blocks. All plots were manually infested with ECB larvae at stages V10 to V12 and R1. Experiment 1995C involved only hybrids developed by Mycogen Corp. (San Diego, CA); there were four hybrids (Table 1) and two insecticide treatments, with the nontransgenic hybrids ( Table  2 ). All plots were manually infested with ECB larvae at stages V10 to V12 and R1.
In 1996, an experiment was planted on 13 and 14 May at the ISU Johnson Farm in Story County, IA; the experiment included eight hybrids from several seed companies (Table 1) , no insecticide treatments, and two ECB infestation treatments (Table 2) , with five replicate blocks. In each experiment, 10 arbitrarily selected ears per plot were visually evaluated in the field for Fusarium ear rot, Gibberella ear rot, and insect damage to kernels. Data were recorded as the number of kernels displaying symptoms on each ear. Ear rot incidence was calculated as the percentage of plants per plot with symptoms of Fusarium or Gibberella ear rot. Ear rot severity was calculated as the mean number of kernels with symptoms per ear. Linear correlation coefficients were calculated for the relationship between incidence of Fusarium ear rot and incidence of ECB damage to ears (SigmaStat; Jandel Scientific, San Diego, CA).
Thirty ears (including those evaluated for disease and insect damage) were harvested from each plot and the kernels removed by hand or by an electric sheller. Kernels from each plot were thoroughly mixed, and 50 symptomless kernels were selected arbitrarily, surface-disinfested for 3 min in a 0.5% solution of sodium hypochlorite, and cultured on Nash-Snyder medium (27) (27) . Colonies were not always identified to species, but were classified as either F. graminearum; Fusarium sp., section Liseola; or "other Fusarium sp." The second designation included F. moniliforme, F. proliferatum, and F. subglutinans. The percentage of kernels infected with each species or group was recorded for each plot. Fig. 1. A, Incidence and B , severity of Fusarium ear rot; and C, incidence of European corn borer (ECB) damage to ears in standard (B73/Mo17) and transgenic maize hybrids (Mon 802) in the field in 1994. Treatment 1, plants were manually infested with 50 neonatal ECB larvae at stages V10 to V12 and at stage R1; treatment 2, an insecticide, Pounce 1.5G (active ingredient permethrin 1.5%), was applied weekly (0.56 kg/ha) from stage VT to R4 and plants were manually infested with ECB larvae at stages V10 to V12 only; treatment 3, Pounce 1.5G was applied weekly from stage VE to V15 and plants were manually infested at stage R1 only; treatment 4, no insecticide or manual infestation; treatment 5, plants were manually infested at stages V10 to V12 and at stage R1 and Bacillus thuringiensis kurstaki (Dipel 10G, 0.32% a.i.) was applied at 14.6 kg/ha 5 days after infestation; treatment 6, plants were manually infested at stages V10 to V12 and at stage R1, and Pounce 1.5G was applied 5 days after infestation; and treatment 7, Pounce 1.5G was applied weekly from stage VE to R4. Analyses of variance were conducted on Fusarium ear rot incidence and severity, incidence of symptomless kernel infection by Fusarium species, and ECB damage incidence and severity using the analysis of variance procedure of SigmaStat or the GLM procedure of SAS (SAS Institute, Cary, NC). Mean separation was determined by the Student-Newman-Keuls method (SigmaStat). Linear correlation analysis was conducted on data for all the dependent variables mentioned previously (SigmaStat).
RESULTS
There were significant differences in Fusarium ear rot incidence (P ≤ 0.0007) and severity (P = 0.0139 to P < 0.0001) among treatments in each experiment (Figs. 1 to 3) , except for disease incidence in experiment 1995C (Table 3 ). There was a close relationship between incidence and severity of Fusarium ear rot (Table 4) . Manual infestation with ECB larvae increased disease incidence, whereas postpollination insecticide treatments or the presence of a cryIA(b) gene reduced disease incidence, except in experiment 1995C. When plants were manually infested with ECB, ear rot incidence was reduced by 87, 58, and 68%, and severity was reduced by 96, 54, and 64% in 1994, 1995A, and 1996, respectively, in transgenic hybrids that express CryIA(b) in kernels compared with their near-isogenic counterparts (Figs. 1 to 3) . In treatments that were not manually infested with ECB larvae, differences between transgenic hybrids and nontransgenic hybrids were smaller. In transgenic hybrids not expressing CryIA(b) in kernels, reductions in incidence and severity were small or nonexistent (Fig. 3, Table 3 ). There was a significant correlation between incidence of Fusarium ear rot and incidence of ECB damage to ears in each experiment (Table 4) , except experiment 1995C (Mycogen hybrids). Correlation coefficients were 0.88 in 1994, 0.53 in 1995A (Monsanto hybrid experiment), and 0.66 in 1996 (P < 0.0001 for all three experiments). In the 1996 experiment, there were significant interactions among the effects of hybrid brand, presence of cryIA(b) genes, and ECB infestation ( Table 5 ). Incidence of Gibberella ear rot was negligible.
Incidence of symptomless Fusarium kernel infection ranged from 10 to 86% in the experiments. The linear correlation between disease severity and symptomless infection was poor, but significant (Table 4 ). The majority of Fusarium infection was due to species in section Liseola (F. moniliforme, F. proliferatum, and F. subglutinans). Infection by other species, primarily F. graminearum, was higher in 1994 than in the other years, probably because of cooler weather in 1994. Some kernels were infected with more than one Fusarium species. In 1995, infection by F. graminearum was not detected. In 1994, both total Fusarium infection and section Liseola infection were reduced in Monsanto 802 compared with B73/Mo17; a similar effect occurred when B73/Mo17 was sprayed with Pounce (permethrin) at pollination to control secondgeneration ECB larvae (Fig. 4) . Manual ECB infestation increased total Fusarium incidence and section Liseola incidence in kernels in 1995 and 1996, but not in 1994 (Figs. 2, 4 , and 5). Incidence of kernel infection by other Fusarium species had an inverse relationship with section Liseola incidence; therefore, Monsanto 802 and the insecticide-treated plots had higher incidences of other Fusarium species. Results were similar in 1995, except that infection by Fusarium species other than those in section Liseola was negligible and was not recorded. Maize hybrid Monsanto 810, also genetically engineered, had infection incidences similar to Monsanto 802 (Fig. 2) . In plants that were manually infested with ECB, incidence of kernel infection by Fusarium species was reduced by 17, 38, and 38% in 1994, 1995A, and 1996, respectively, in transgenic hybrids that express CryIA(b) in kernels compared with their near-isogenic counterparts (Figs. 2, 4 , and 5).
Kernel infection was not reduced in hybrids that do not express CryIA(b) in kernels (Fig. 5 ). Results were similar in treatments that were not manually infested with ECB larvae. In the 1996 experiment, there were significant effects of brand, presence of a cryIA(b) gene, and ECB infestation on incidence of kernel infection (Fig. 5 , Table 5 ). There also were significant interactions among these factors (Table 5 ). In general, presence of a cryIA(b) gene decreased infection and manual ECB infestation increased infection, but the effect depended on the maize hybrid. Hybrids expressing CryIA(b) in kernels exhibited significantly less (P ≤ 0.05) kernel damage by ECB larvae compared with their nontransgenic counterparts (Figs. 1 to 3) . In transgenic hybrids that do not express CryIA(b) in kernels, incidence of ECB damage to kernels was lower than in the nontransgenic hybrids, but a significant difference occurred only for one hybrid (Fig. 3) .
DISCUSSION
This research has shown that transgenic maize hybrids with cryIA(b) genes that are expressed in kernels consistently exhibit reduced Fusarium ear rot and Fusarium infection of kernels compared with their nontransgenic counterparts. CryIA(b) expression in kernels resulted in greatly reduced kernel damage by ECB larvae, thereby eliminating an important pathway for infection by F. moniliforme. We recorded reductions in symptomless infection, as well as visible kernel rot, because ECB activity contributes to both types of infection (33). . Treatment 1, plants were manually infested with 50 neonatal European corn borer (ECB) larvae at stages V10 to V12 and at stage R1; treatment 2, an insecticide, Pounce 1.5G (active ingredient permethrin 1.5%), was applied weekly (0.56 kg/ha) from stage VT to R4 and plants were manually infested with ECB larvae at stages V10 to V12 only; treatment 3, Pounce 1.5G was applied weekly from stage VE to V15 and plants were manually infested at stage R1 only; treatment 4, no insecticide or manual infestation; treatment 5, plants were manually infested at stages V10 to V12 and at stage R1, and Bacillus thuringiensis kurstaki (Dipel 10G, 0.32% a.i.) was applied at 14.6 kg/ha 5 days after infestation; treatment 6, plants were manually infested at stages V10 to V12 and at stage R1, and Pounce 1.5G was applied 5 days after infestation; and treatment 7, Pounce 1.5G was applied weekly from stage VE to R4.
Transgenic hybrids with the 176 transformation did not consistently differ from their nontransgenic counterparts in terms of Fusarium symptoms or infection. This is probably due to the lack of expression of CryIA(b) in kernel tissue. The 176 transformation event results in expression only in green tissues and pollen (16) . Hybrids with this transformation had more kernel damage by ECB larvae than did the hybrids with MON810 and BT11 transformations, which express CryIA(b) in kernel tissue. An exception occurred in the Ciba hybrid (176 transformation) in 1996. In this case, expression of CryIA(b) in stalks and leaves significantly reduced Fusarium ear rot symptoms. The mechanism is uncertain, but CryIA(b) expression in leaves and stalks caused mortality of ECB larvae (data not shown). This mortality resulted in fewer larvae migrating to the ears and causing kernel damage compared with nontransgenic hybrids (Fig. 3) . Under these conditions, there was a reduction in Fusarium symptoms without kernel expression of CryIA(b). However, there was a poor correlation in the Ciba hybrids between ear rot symptoms and symptomless infection, which was higher in the transgenic hybrid.
Reduced Fusarium infection in transgenic genotypes resulted in better grain quality (less mold damage) and decreased potential for the development of fumonisins (as a result of lower disease severity and infection incidence). Reduced Fusarium infection also may result in higher seed quality in transgenic maize inbreds grown for seed production (21) . Research on cotton indicates that significant reductions in mycotoxin concentrations can be achieved when insect-associated fungal diseases are partially controlled by transgenic insect resistance (6) . Reduction in fumonisin concentrations could be a substantial benefit of CryIA(b) transgenic maize. Reduction of fumonisin concentrations might require decreases in both ear rot symptoms and symptomless infection, because fumonisins occur in symptomless kernels (2, 22, 25, 28) , but higher concentrations usually occur in symptomatic kernels (22, 28) . Physical damage to infected kernels promotes fumonisin development (30) . Our data showed that ECB damage was more closely related to ear rot symptoms than to symptomless infection. Further research is needed to accumulate data on the effects of CryIA(b) expression on fumonisin concentrations under naturally occurring ECB populations, and on the occurrence of other maize diseases that are associated with, or exacerbated by, ECB damage. Manually infested plants were infested with 50 neonatal European corn borer larvae at stages V10 to V12 and at stage R1. * indicates a significant difference between standard and transgenic hybrids.
